Bisphosphonates were introduced as a treatment for postmenopausal osteoporosis (National Institute for Health and Clinical Excellence, 2008a, b) in the 1990s, and prescribing has substantially increased (Kanis et al, 2008) . The effects of bisphosphonates are long term as the drugs accumulate in bones and are released for several years after treatment ends (Watts and Diab, 2010) . It is a relatively new treatment and very few studies have looked at the long-term effect of bisphosphonates on risks of different cancers in the general population.
Although antitumour properties of bisphosphonates have been discovered in preclinical studies (Croucher et al, 2003; Guise, 2008) and reaffirmed in the treatment of bone metastases (Gnant, 2010) , no long-term randomised clinical trials have been run to determine the effect of bisphosphonates on cancer incidence. Epidemiological studies have consistently reported a reduced risk of breast cancer in bisphosphonate users (Chlebowski et al, 2010; Newcomb et al, 2010; Rennert et al, 2010; Vestergaard et al, 2011; Cardwell et al, 2012) , but the effects of bisphosphonates on other common nongastrointestinal cancers are still uncertain, having been investigated in only one up-to-date observational study using the Clinical Practice Research Datalink (CPRD) (Cardwell et al, 2012) . Previous studies have generally been insufficiently powered to *Correspondence: Y Vinogradova; E-mail: yana.vinogradova@nottingham.ac.uk detect associations for other types of cancer, and few have looked at associations with individual types of bisphosphonate drugs, and so there is little data to establish definitive conclusions. Our aim, therefore, was to investigate the associations between bisphosphonates and risks of common cancers in the general population using a nested case-control design and including all available data from two large primary-care databases -both the QResearch and the CPRD.
MATERIALS AND METHODS
Data source. The two largest primary-care databases in the UK, QResearch and CPRD, were used. Each database covers around 6% of the UK population from more than 600 general practices, and contains electronic records including patient demographics, referrals, tests and prescriptions. Both are representative of the general population in the United Kingdom, have been rigorously validated using other sources of information (Jick et al, 2003; Hippisley-Cox et al, 2004) and have been used for a range of safety studies involving commonly prescribed medications (Green et al, 2010; Hippisley-Cox and Coupland, 2010; Parker et al, 2010; Walker et al, 2011) . The protocol for this study was published in Vinogradova et al (2012) and, although originally based on QResearch, a replicate study has also been conducted using CPRD to examine any possible differences between the two and further increase in the statistical power by running analyses to derive combined results from both data sources.
Study design. Open cohorts of patients were identified in each database: patients were aged 50 years and older and registered with the practice at some time during the study period between January 1997 and July 2011. For this paper, we selected the most common solid, non-gastrointestinal cancers (breast, prostate, lung, bladder, pancreatic, ovarian and melanoma) as the outcomes and identified incident cases from the cohorts. Less common female cancers (cervix and uterus) were also considered. Each case was matched to up to five controls by age, sex, practice and calendar year. All controls were alive and registered with the practice at the date of the first recorded diagnosis of cancer in their matched case, which we defined as the index date for each case and their matched controls. For cases and controls, patients were included only if they had at least 2 years of data before their index date. Cases and controls with bisphosphonate prescriptions licensed for any malignancies before the index date (date of diagnosis for cases or equivalent date for controls) were excluded. For breast cancer, male patients and patients with a record of mastectomy before their first prescription of bisphosphonates were excluded. Patients with Paget's disease were also excluded.
Exposure to bisphosphonates. Exposure to bisphosphonates was assessed, including prescriptions for alendronate, etidronate, ibandronate and risedronate as the nationally licensed drugs for the treatment of osteoporosis (BNF 6.6.2) (British Medical Association and Royal Pharmaceutical Society of Great Britain, 2008) . Information was extracted on all prescriptions for bisphosphonates during the observation period -defined as a period between the date of patient registration with the general practice and 6 months before the index date. Prescriptions in the past 6 months before the index date were not used to reduce protopathic bias because early symptoms of cancer such as low weight or bone ache could lead to bisphosphonate treatments. For the main analyses, a patient was considered to be a bisphosphonate user if they had at least one prescription during the observation period. Cumulative exposure was estimated by summing the durations of all bisphosphonate prescriptions for each patient, considering gaps of fewer than 90 days between two prescriptions as continuous therapy. Duration of exposure to bisphosphonates was analysed using the following categorisations: no use; short-term use (used for o1 year); long-term use (used for 41 year). For analyses of the most common cancers (breast, prostate, lung, bladder and melanoma), finer categories for duration of use of bisphosphonates were considered: no use, o6 months; 7-36 months; 37-72 months; and 73 months or more. A test for trend was performed using the actual number of months.
Confounding variables. All the analyses included potential confounders established as risk factors for cancer. Body mass index (BMI) (Henderson and Bernstein, 2008) , a continuous variable, was based on values recorded at the date closest to 1 year before the index date. Using Read codes, smoking status (Hecht, 2008) (current smoker -light (1-9 cigarettes per day), medium (10-19), heavy (20 or more), ex-smoker, non-smoker); alcohol consumption (Schütze et al, 2011) ; and ethnicity (Ferlay et al, 2010 ) (White or not recorded, Black, Asian, Other) used values recorded at the closest date before the index date. The analysis also adjusted for history of osteoporosis (McGlynn et al, 2008) , including diagnosis of osteoporosis or osteopenia or previous fractures (recorded before the index date); use of drugs increasing risks of fracture and cancer such as systemic corticosteroids and acid-suppressive medications (including H2 antagonists (BNF 1.3.1), proton pump inhibitors (BNF 1.3.5) and antacids (BNF 1.1.1)); (Corley et al, 2010) use of anti-inflammatory drugs (Coussens and Werb, 2002 ) (traditional non-steroidal antiinflammatory drugs, cyclo-oxygenase 2 inhibitors and aspirin); (Gonzalez-Perez et al, 2003) and use of vitamin D (Mocellin, 2011) if they were prescribed at least 1 year before the index date. For female cancer patients, use of hormone replacement therapy and oral contraceptive pills were also added to the analyses.
If they were diagnosed at least a year before the index date, comorbidities, which affect risks of cancer, were also included: rheumatoid arthritis (Thomas et al, 2000) for any cancer; benign breast disease for breast cancer; diabetes for pancreatic (Vincent et al, 2011) and uterine (Burbos et al, 2010) cancers; hypertension for uterine cancer (Bangalore et al, 2011) ; and gastrointestinal disorders for pancreatic cancer (Vinogradova et al, 2012) . The results were also adjusted for cancer-specific family histories of cancer (Mai et al, 2011) (to reduce recall bias in cases only if recorded at least 6 months before the index date; Chang et al, 2006) . Statistical analysis. This study used conditional logistic regression to estimate odds ratios with 95% CIs for cancers at each selected site. The Wald test was used for estimating the effects of duration and testing for differences between bisphosphonate types. Missing values for the confounding factors (BMI, smoking status and alcohol intake) were imputed using ICE multiple imputation program in Stata (StataCorp LP, College Station, TX, USA) (Royston, 2005) where all the confounding variables and exposure to bisphosphonates were included into the models. Ten imputed data sets were created and the results were combined using Rubin's rules (Royston, 2004) .
Each database was analysed separately and the results combined using the method of Mantel and Haenszel for fixed-effect models.
The primary analyses were based on bisphosphonate exposure excluding prescriptions in the 6 months before the index date. Five sensitivity analyses were carried out for each data set. The first was to eliminate possible bias by redefining bisphosphonate exposure as at least two prescriptions and considering patients with one prescription only as non-users. Such patients might never have started treatment or have soon stopped it because of adverse gastrointestinal effects. The second sensitivity analysis was based on all prescriptions before the index date including the ones issued in the past 6 months. This aimed to eliminate another form of bias caused by a possible oversampling of unexposed cases and controls in the main analyses. The third sensitivity analysis was run on patients with at least 6 years of medical records and redefined exposure based on prescription information only between 72 and 6 months before the index date. This was to eliminate possible bias arising from the different observation times for patients in the main analyses.
Townsend scores, a measure of deprivation, were available for only 49% of CPRD practices, and only 36% of CPRD patients had it recorded. Deprivation, therefore, was not included as a confounding variable in any of the main analyses. The fourth sensitivity analysis included Townsend scores as a confounding variable, but was run only on patients with a valid code. The fifth and final sensitivity analysis was run on observations with recorded values for BMI, smoking status and alcohol consumption. For the fourth and fifth sensitivity analyses, the definitions for use of bisphosphonates and years of medical records were identical to the main analysis.
Although sample size calculations were carried out and presented in the protocol (Vinogradova et al, 2012) , all available data were used in the analyses. We considered a 1% level as statistically significant to allow for multiple comparisons, but have presented 95% CIs in our results to create parity with other studies. Stata Version 12 was used for all analyses.
RESULTS

Study population.
Within the study period, we identified 91 556 and 88 845 cases of cancers of interest in people aged 50 years and older from QResearch and CPRD, respectively. These were matched to 427 674 and 415 583 controls, respectively, all with at least 2 years of medical records (Figure 1 ). Median years of available records was 17 (interquartile range 10-28 in QResearch cases and controls, 10-29 in CPRD cases and 10-30 CPRD controls), and it was consistent both for cancer sites and for cases and controls. Table 1 shows the numbers of cases and controls for each cancer site and also the characteristics of the study population. QResearch and CPRD provided similar samples from the general population. The QResearch cases and controls were about the same age (mean 69.4 years, standard deviation 9.8 in cases; 69.4 years, 9.7 in controls) as CPRD (69.9 years, 10.4 in cases; 69.7 years, 10.2 in controls) but included fewer women (48% vs 51%), and so had slightly different incidences in cancers of interest.
The proportion of bisphosphonate users (4.2%) was the same in both databases and in cases and controls, with similar proportions of patients prescribed different types of bisphosphonates. Figure 2 shows that in both databases the proportion of cases and controls with at least one bisphosphonate prescription consistently grew from 1% in 1997 to 7% in 2011. Use of etidronate decreased but use of alendronate and risedronate increased, for alendronate reaching over 80% for bisphosphonate users with at least one prescription. Most bisphosphonate users were older than 60 years (92% in both databases) and their median duration of use was 20 months (interquartile range 7-43) in cases and controls in QResearch and 19 months (6-40 in cases and 6-41 in controls) in CPRD. The median duration varied slightly between the cancer sites, from 16.5 months for cervix cases and 27 for melanoma cases in QResearch, and 17 for lung cancer cases to 22.5 for melanoma cases in CPRD. A much higher proportion of women were users than men (6.6% women vs 2.0% men in cases, 6.8% women vs 1.7% men in controls for QResearch, 6.5% women vs 1.9% men in cases and 6.6% women vs 1.7% men in controls for CPRD). Use of bisphosphonates did not necessarily follow a recorded diagnosis of osteoporosis/osteopenia or a history of fractures; over 30% of bisphosphonate users did not have either factor recorded (38% cases and 36% controls in QResearch and 36% cases and 34% controls for CPRD). Table 2 shows the number and proportion of cases and controls who were bisphosphonate users for each cancer site and overall use of the drug by database. Figure 3 contains the results of combined analyses for overall bisphosphonate use. Table 3 presents trend test results along with odds ratios for short-and long-term use for the seven most common cancers. Table 4 shows further analyses for the associations of different types of bisphosphonate use with breast, prostate and lung cancer risks.
Breast cancer. Overall use of bisphosphonates was associated with a reduced risk of breast cancer but it was only significant in QResearch analyses (adjusted odds ratio ( Other female cancers. Although QResearch analyses for ovarian cancer showed an almost 20% increased, but not statistically significant, risk (AOR: 1.19, 95% CI: 0.96-1.47), CPRD analyses had an opposite, and also not statistically significant, association (AOR: 0.84, 95% CI: 0.67-1.04), with combined results showing no association at all (AOR: 1.00, 95% CI: 0.86-1.16). None of the results from the different databases were duration-dependent.
There was a significant association between risedronate use and ovarian cancer risk for QResearch (24 exposed cases) and the combined analyses (56 exposed cases) (AOR: 0.48, 95% CI: 0.31-0.75, P ¼ 0.001 for QResearch; 0.62, 0.46-0.84, P ¼ 0.002 for combined). The CPRD analysis (32 exposed cases) showed a reduced risk but not statistically significantly (AOR: 0.77, 95% CI: 0.52-1.16). The trend tests were not statistically significant (P ¼ 0.013 for QResearch; P ¼ 0.6 for CPRD; P ¼ 0.07 for combined) and this was consistent across all sensitivity analyses.
Overall use of bisphosphonates was not associated with cervical or uterine cancer risk for either database or for the combined analyses. Further analyses demonstrated no associations with duration of use.
Prostate cancer. Adjusted analyses in both databases demonstrated a reduced risk associated with bisphosphonate use but not significant (AOR: 0.90, 95% CI: 0.79-1.02 for QResearch; 0.84, 0.73-0.96 for CPRD), but contributing to a significant association in the combined analysis (AOR: 0.87; 95% CI: 0.79-0.96). Although neither of the databases showed a significant durationdependent association (QResearch P trend ¼ 0.064; CPRD P trend ¼ 0.03), the combined analyses did (P trend ¼ 0.005), with a 15% reduced risk associated with long-term use of bisphosphonates (AOR: 0.85,; 95% CI: 0.76-0.95).
Further analyses showed significantly reduced risks for alendronate users in QResearch, with a greater reduced risk for long-term users (AOR: 0.75; 95% CI: 0.62-0.92), which was duration-dependent (P trend ¼ 0.009). Clinical Practice Research Datalink associations were directionally similar to QResearch but not significant and also with lower risk for long-term users (AOR: 0.86; 95% CI: 0.70-1.05) and not duration-dependent (P trend ¼ 0.05), although contributing to a significant association (AOR: 0.80; 95% CI: 0.70-0.92) and duration dependency (P trend ¼ 0.001) in the combined analysis.
All sensitivity analyses with other definitions of use were consistent in showing a reduced risk in long-term alendronate users apart from the one including prescriptions from the past 6 months before the index date. This analysis also Results were consistent in sensitivity analyses apart from one -the sensitivity analysis, which included prescriptions from the past 6 months before the index date showed increased risk associated with short-term use in both databases (AOR: 1.34, 95% CI: 1.18-1.52, Po0.001 for QResearch; 1.30, 1.15-1.47, Po0.001 for CPRD).
Bladder cancer. Adjusting for confounders showed no association between bisphosphonate use and risk of bladder cancer (AOR: 0.96, 95% CI: 0.80-1.14 for QResearch; 0.94, 0.79-1.12 for CPRD; 0.95, 0.84-1.08 for combined). Sensitivity analyses also showed no associations.
Melanoma. There was no association between overall bisphosphonate use and risk of melanoma in either database (AOR: 1.05, 95% CI: 0.87-1.28 for QResearch; 0.95, 0.77-1.19 for CPRD; 1.01, 0.87-1.17 for combined), and analyses did not show statistically significantly increased risk with longer use in either database or the combined (P trend ¼ 0.013 for QResearch; P trend ¼ 0.5 for CPRD; P trend ¼ 0.02 for combined). The results were consistent across the sensitivity analyses, except for the one defining use as at least one prescription between 6 and 72 months. Additional information. Sensitivity analyses on patients with valid BMI, smoking status and alcohol consumption data and on patients with valid Townsend codes showed similar results, which are available from the authors.
DISCUSSION
Summary. This study, based on medical records from the two largest UK primary-care databases, showed that the use of bisphosphonates was not associated with increased risks for any of the most common solid non-gastrointestinal cancers. Decreased risks of breast, prostate and pancreatic cancers had no duration relationship with bisphosphonate use and were found only in short-term users. Alendronate use, however, was associated with a decreased risk of prostate cancer and this association was durationdependent.
Strengths and limitations. Based on the two largest primary-care databases, including more recent data than previous studies and covering the period when bisphosphonates have become much more widely prescribed in the general population, our study provides more data for investigating the duration effects of bisphosphonate use and over longer periods than previous studies. All eligible cancer cases and controls, alive or dead, were included into the study. This representativeness of the databases, and the lack of recall, selection and respondent biases, also makes the results more generalisable.
The limitations include possible uncertainties in cancer diagnosis. The selection of cases was based on the first record of a cancer and the exact origin site may have been determined only later, but this level of detail was not available across all records. A systematic review based on GPRD validation studies reported that, on average, 95% of diagnoses of cancer recorded on the GP electronic record were confirmed by other data sources (Herrett et al, 2010) . Information about cancer stage and the results of histological investigations were also not consistently recorded across general practices and so were not used. Another limitation is the potential misclassification of bisphosphonate use. The analyses were based on prescriptions not on actual use and no data were available on adherence to medications. There is no reason, however, to suppose that non-adherence differs systematically between cases and controls.
Other limitations include information bias and missing data. Lack of symptom or family history records might arise simply because the patients have not reported them. Information on certain risk factors such as the level of physical activity, diet and cancer screening tests (mammography, prostate-specific antigen test) was also not reliably recorded, so these factors were not included in the analyses. Further, results of any bone mineral density tests were not consistently recorded and were not used in the analysis, and so there might be some residual confounding. Important confounders such as smoking or BMI had some missing data, so these had to be imputed.
Bisphosphonate users. Comparisons between bisphosphonate users and non-users reflect the recommendations for targeting the group with osteoporosis, and so some characteristics and comorbidities such as low BMI and rheumatoid arthritis in users were expected as these are risk factors for primary osteoporosis. As secondary osteoporosis is more likely to develop in patients with impaired digestion, use of acid-lowering drugs and also use of corticosteroids (Mauck and Clarke, 2006; Hippisley-Cox and Coupland, 2009) were much higher for bisphosphonate users.
Breast cancer. Reduced breast cancer risk associated with bisphosphonates use has been shown in five studies to date, all smaller than the current one (Chlebowski et al, 2010; Newcomb et al, 2010; Rennert et al, 2010; Vestergaard et al, 2011; Cardwell et al, 2012) . No relation between risk and duration of use could suggest that osteoporosis is responsible for such reductions (Chen et al, 2008) . Adjustments for osteoporosis, however, have demonstrated the independent effect of bisphosphonates. Reduced risk associated with recent, but not remote, use of bisphosphonates might also be explained by a possible bisphosphonate-related prevention of progress for undiagnosed cancers up to an invasive stage. This has already been shown by Chlebowski's study (Chlebowski et al, 2010) and supported by studies in menopausal women with early-stage breast cancer treated with bisphosphonates (Gnant, 2010) . Although an Israeli (Rennert et al, 2010) case-control study showed a statistically significantly decreased risk associated with more than a year of bisphosphonate use (AOR: 0.61, 95% CI: 0.50-0.76), the study was subject to recall bias (participants reported their past use of bisphosphonates) and selection bias (all participants were alive at the moment of the interview). Another case-control study (Newcomb et al, 2010) with similar limitations in the design also reported a statistically significant trend (P trend ¼ 0.01) for duration of bisphosphonate use. A cohort study of Cardwell et al (2012) showed risk reduction associated with overall bisphosphonate use similar to ours (adjusted hazard ratio (AHR): 0.79, 95% CI: 0.62-1.01), and also becoming not statistically significant for patients with use of more than a year. Although our results for different types of bisphosphonate were in line with Vestergaard et al's study (2011) for alendronate (AHR: 0.91, 95% CI: 0.81-1.03), the risk reduction for etidronate in our study did not reach a statistically significant level.
Prostate cancer. The association between overall use of bisphosphonates and prostate cancer risk was similar to that for breast cancer, also without statistically significant effects for therapy duration. Although the association between alendronate use and decreased risk appeared to be significant even with a duration relationship, it was found only in the QResearch database and might again suggest a possible suppressing effect of alendronate on an already existing in situ cancer (Tuomela et al, 2008) . In particular in the prostate, in vitro studies have observed substantial concentrations of nitrogen-containing bisphosphonates (zolendronic acid and ibandronate) after administration of the drug (Fournier et al, 2002) , which could result in suppressed angiogenesis in prostate tumours. The only epidemiological study looking at prostate cancer with respect to bisphosphonate use has also demonstrated lower risk for bisphosphonate users, although not statistically significant (AHR: 0.71, 95% CI: 0.50-1.01) (Cardwell et al, 2012) .
Lung cancer. Our study showed no association between lung cancer risk and bisphosphonate use. This is consistent with the only other epidemiological study (Cardwell et al, 2012) , which also found a reduced risk for long-term users (AHR: 0.86, 95% CI: 0.63-1.17) but it was not statistically significant. The antitumour properties of bisphosphonates might not be applicable in the lung because it is not a site where bisphosphonates accumulate (Fournier et al, 2002) . The sensitivity analysis for all prescriptions including the past 6 months showed a significantly increased risk but without any duration relationship and in particular for shortterm users. This may simply suggest that a common symptom of lung cancer, bone pain, is sometimes initially mistaken as osteoporosis.
Pancreas. Although none of the database analyses showed statistically significantly decreased risks associated with bisphosphonate use, the combined analysis did. The findings were consistent with the only other epidemiological study (Cardwell et al, 2012) for this cancer site (AHR: 0.84, 95% CI: 0.53-1.35).
The effects of bisphosphonates on growth and apoptosis in pancreatic cancer cells have been shown in vitro (Tassone et al, 2003) and in vivo (Takiguchi et al, 2012) . No duration relationship suggests, however, that as with breast and prostate cancers bisphosphonates might inhibit growth only of already existing tumours.
Other cancers. Our study has not shown any significant associations between overall use of bisphosphonates and risk of endometrial, ovarian or cervical cancers, but the numbers for endometrial and cervical cancers were very low and the findings were not consistent across the databases. An association found between ovarian cancer and risedronate use was found only in QResearch data and without a duration relationship. Previous much smaller studies have suggested a possible decreased risk for bisphosphonate users for ovarian (AHR: 0.64, 95% CI: 0.40-1.03) and endometrial cancers (AHR: 0.64, 95% CI: 0.38-1.08 (Cardwell et al, 2012) and AOR: 0.7, 95% CI: 0.4-1.2 (Fortuny et al, 2009) ), but the results also did not reach a statistically significant level. Our finding of a decreased risk for bladder cancer, which was not however statistically significant, was consistent with a previous study (AHR: 0.67, 95% CI: 0.41-1.10, P ¼ 0.11) (Cardwell et al, 2012) . No statistically significant associations between bisphosphonate use and melanoma risk were found, similar to the earlier study (AHR: 0.80, 95% CI: 0.53-1.20) (Cardwell et al, 2012) .
CONCLUSION
We have conducted a series of large population-based case-control studies in two primary-care databases examining the association of bisphosphonates with risks of common cancers in the general population and found associations with reduced risks for breast, prostate and pancreatic cancers, but with no duration relationship and only in short-term users. A duration-dependent reduced risk associated with alendronate use was found for prostate cancer, but only in the QResearch data. This study does not provide enough evidence to conclude that bisphosphonates have protective effects on cancer, but the results are reassuring regarding the safety of bisphosphonates.
